The syntheses of a range of enantiopure organosulfur donors with hydrogen bonding groups are described including TTF related materials with two, four, six and eight hydroxyl groups and multiple stereogenic centres and a pair of chiral N-substituted BEDT-TTF acetamides. Three charge transfer salts of enantiopure poly-hydroxysubstituted donors are reported, including a 4:1 salt with the meso stereoisomer of the dinuclear [Fe2(oxalate)5 ] 4-anion in which both cation and anion have chiral components linked together by hydrogen bonding, and a semiconducting salt with triiodide.
Synthesis of New Chiral Organosulfur Donors with Hydrogen
and molecular electronics 9 as well as in the preparation of conducting radical cation salts and fibres. 10 Two recent research themes in this area have been the installation of chirality into the donor molecules and the attachment of groups with hydrogen bonding potential. The former is of importance following the discovery of magneto-chiral anisotropy in chiral conducting systems. 11 The latter is important since hydrogen bonding with the anion in a salt, or between donors, can offer new organisations in the crystalline state. 12 A range of enantiopure donors related to BEDT-TTF have been reported, including several with a stereogenic centre at a ring C or S atom e.g. 3-5, 13, 14 or external to the donor system as in 6-7 15, 16 as well as donors fused to a chiral pinene system e.g. 8 17 or incorporating a stereogenic axis from a 1-,1'-binaphthyl system. 18 Examples of the latter have been investigated as redox sensitive chiroptical switches. 19 Several simple TTF derivatives with chiral side chains have also been reported, e.g. 9-10 20 while Kato has combined 11 with an aromatic liquid crystal and an electron acceptor to provide fibrous conducting materials. 21 Progress in these areas has been reviewed.
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A few 4 enantiopure donors with hydrogen bonding functionality have been reported e.g. BEDT-TTF derivatives 12-14, 23 as well as a series of peptide derivatives and a D-glucose derived material. 24 Here we report the preparation of new donors 15-22 which are both enantiopure and include hydroxyl or amide groups capable of forming hydrogen bonds, as well as progress towards making trans-BEDT-TTF diacid 23 as a racemate.
Results and Discussion.
Synthesis of chiral TTF-related polyols 15-20.
Scheme 1.
As a first step to provide donors with both chirality and hydrogen bonding potential, two TTF derivatives with 2-hydroxypropylthio side-chains which had a hydroxyl group at a stereogenic centre were targeted (Scheme 1). Reaction of dithiolate 24 25 with two equivalents of (S)-methyloxirane gave the thione 25 containing two chiral 2-hydroxypropylthio side-chains in 51% yield. The synthesis was continued by protection of the hydroxyl groups by acetylation to give 26 and exchange of the thione sulfur for oxygen using mercuric acetate to give the oxo compound 27 in 71% yield from thione 25. 5 Homo-coupling of 27 in refluxing trimethyl phosphite for 24 hours gave the chiral Oprotected donor 28 in 31% yield which was then hydrolysed to the chiral tetrol 15 in 91% yield. The chiral oxo compound 27 was also cross-coupled with the unsubstituted thione 29 to give the disubstituted donor 30 in 43% yield, which was subsequently hydrolysed to the diol 16 in 94% yield (Scheme 2). The R,R enantiomer of 16 was prepared in a similar way starting from (R)-methyloxirane. The attempted synthesis of the meso-(R,S)-isomer of 16 from rac-methyloxirane led to unseparable mixtures of meso and racemic (R,R) compounds at each step. The racemate is most easily made by mixing equimolar amounts of the two enantiomers. The crystal structure of donor 15 (Fig. 1) shows that one pair of chains form an internal hydrogen bond while both make further intermolecular interactions so that the donors and side-chains are more or less segregated in the crystal packing.
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Scheme 2. Scheme 3.
Introduction of hydroxyl groups on to the terminal methyl groups of these two would provide donors 17 and 18 with additional sites for hydrogen bonding or for extension of the side chains. The synthesis of these materials (Scheme 3) was achieved by reaction of the dithiolate 24 with two equivalents of the triflate of (S)-1,2-isopropylidene-glycerol to give the thione 31 in 90% yield. Neither the corresponding mesylate nor tosylate were effective for this reaction. The symmetrical donor 17 was then prepared in three steps by conversion of thione 31 to the oxo compound 32, homo-coupling in triethyl phosphite to
give the tetra(ketal) donor 33 in 51% yield and then almost quantitative deprotection of the diol groupings using HCl in THF. The unsymmetrical donor 18 was prepared by cross coupling of the oxo compound 32 with the thione 29 to give the donor 34 in 60% yield after chromatography, which was deprotected to give the tetrol 18 in 95% yield (Scheme 4). To provide a donor with different chirally disposed hydrogen bonding functionality at either end, the donor 19 was prepared which at one end had two (R)-2-hydroxypropylthio side chains and at the other end two (R)-2,3-dihydroxypropylthio side chains (Scheme 5). This was achieved by reacting the R,R-enantiomer of bis(acetoxy)
thione 26 with the bis ketal-protected oxo compound 32 in triethyl phosphite to give the Scheme 4. O-protected hexol 35 in 30% yield after chromatography to separate from homo-coupled species. Removal of the acetyl protecting groups with aqueous potassium carbonate gave the dihydroxy donor 36, and the ketal groups were hydrolysed by subsequent treatment with HCl in THF to yield the unsymmetrical chiral hexol donor 18 with two different pairs of hydroxyl substituted stereogenic centres.
Scheme 5.
Scheme 6.
To prepare a donor with one chiral hydrogen bonding side chain at each end, the approach of Becher to make bis(pyrrolo)TTFs 27,28 was taken, an approach which has already yielded the chiral donor 7. 16 Thus the donor 20, a bis(pyrrolo)tetrathiafulvalene bearing 2S-2-(1-hydroxy)propyl substituents attached to each nitrogen atom, was chosen as a target (Scheme 6). The synthesis started from (S)-(+)-2-amino-1-propanol, by Oprotection with a t-butyldiphenylsilyl group to give amine 37, 29 which was reacted with bis(bromomethyl)-1,3-dithiolethione 28 in the presence of sodium carbonate and tetrabutylammonium iodide to give the dihydropyrrole derivative 38 which was directly oxidized with DDQ in benzene at ca -10 0 C to give the dithiolo(4,5-c)pyrrole thione 39 in 53% overall yield after chromatography. Prolonged reflux of thione 39 with freshly distilled trimethyl phosphite gave the corresponding bis(pyrrolo)tetrathiafulvalene 40 in 32% yield. Deprotection of the hydroxyl groups was carried out using tetrabutylammmonium fluoride in THF at room temperature to give the desired chiral donor 20 functionalised with two hydroxyl groups in 50% yield.
Synthesis of enantiopure amides 21 and 22.
Scheme 7.
There is only one monosubstituted BEDT-TTF which has been prepared as a pure enantiomer, the hydroxymethyl derivative, but the route is eight steps from (S)-1,2-isopropylideneglycerol. With a view to resolving the chirality at the stereogenic centre on a BEDT-TTF derivative in a shorter sequence we have taken an approach to deliberately prepare diastereomers which can then be separated, in this case by modification of our synthesis of the racemic BEDT-TTF derivatives bearing a functionalised acetamide side chain (-CH2CONHR). 30 Trithione 41 25 was reacted with vinylacetic acid to give the bicyclic carboxylic acid 42, which was then converted to two diastereoisomeric amides 43 and 44 by formation of the mixed anhydride with ethyl chloroformate followed by reaction with the enantiopure amine R-α-phenylethylamine.
The two isomeric amides were separated by chromatography and obtained in similar yields of ca. 28%, and the structure of 44 was confirmed by X-ray crystallography to have the S configuration at 5-C (Fig. 2) To extend this chemistry, oxo compound 47 was cross-coupled with thione 49, the adduct of norbornene and trithione 41. The latter is formed very readily and exclusively as the exo-adduct in 95% yield, and its stereochemistry was confirmed by X-ray crystallography. 26 The cross coupled product was produced as a 1:1 mixture of two diastereomers 50 and 51.
Scheme 9.
Charge Transfer Salts. (Fig. 3) . The chirality at the two metal centres in the anion are opposite (Δ and Λ), nevertheless this is the first report of a charge transfer salt with a source of chirality in both the donor and the anion components. Charge transfer salts of this anion with TTF and BEDT-TTF have been reported. 31 The accuracy of the bond lengths is not sufficient for application of the empirical method for estimating each donor's oxidation state to determine whether the net charge of +4 is equally distributed or not. 32 The crystal structure contains alternate layers of donors and anions, with donors stacking within the layer. The eight terminal O atoms of the anion form seven hydrogen bonds to hydroxyl groups belonging to donor molecules, and there is just one crystallographically unique hydrogen bond between donor molecules, and it bridges between stacks. The bridging oxalate residue is not involved in any hydrogen bonding. Reproducible two probe resistivity measurements were not possible due to the fragility of the tiny crystals. The salt is semiconducting with a room temperature resistivity of 3.61 ohm cm with an activation energy of 22.5 meV and show hysteresis in the range 60-250 K on cooling and rewarming ( Fig. 6 ). This may be related to the disordered hydrogen bonding square arrangement which may prefer just one of the two possible arrangements at low temperature ( < 60K), and this is maintained on warming until ca 250 K. Experimental. General. NMR spectra were measured on a JEOL ECLIPSE 400 spectrometer at 400 MHz for 1 H and at 100.6 MHz for 13 [α]D = +61.7 ( c = 1.8, CHCl3).
Bis((2'S)-2'-acetoxypropylthio)-1,3-dithiole-2-thione 26.
Acetic anhydride (5.0 ml, 52.9 mmol) was added to a solution of thione 25 (6.48 g, 20.6 mmol) in pyridine (70 ml) at 0 o C and then stirred overnight at room temperature. Water (300 ml) was added and the mixture extracted with CH2Cl2 (3 × 100 ml). The organic solution was washed consecutively with 0.5 M HCl solution (3 × 100 ml) and H2O (100 ml), dried (MgSO4) and evaporated. [α]D = +45 ( c = 1.20, CHCl3).
Bis((2'S)-2'-acetoxypropylthio)-1,3-dithiole-2-one 27, (Method A).
To a solution of the thione 26 (5.54 g, 13.9 mmol) in chloroform (130 ml) was added mercuric acetate (6.70 g, 21.0 mmol). After stirring for 2 h, the reaction mixture was filtered and the solid residue washed with chloroform. [α]D = +1.0 ( c = 1.80, CHCl3).
Tetrakis((2S)-2-acetoxypropylthio)TTF 28, (Method B).
A mixture of oxo compound 27 (3.30 g, 8.62 mmol) and freshly distilled trimethyl phosphite (60 ml) was heated to reflux for 24 h. [α]D = +212.5 ( c = 0.24, CHCl3).
Bis((2S)-2-acetoxypropylthio)(ethylenedithio)TTF 30, (Method C).
A 
Bis((2S)-2-hydroxylpropylthio)(ethylenedithio)TTF 16.
An aqueous solution (30 ml) of potassium carbonate (1.70 g, 12.3 mmol) was added to a solution of the di-acetate 30 (1.07 g, 1.91 mmol) in methanol (240 ml) and THF (20 ml).
After stirring overnight, the reaction mixture was concentrated and the solid was [α]D = +146 ( c = 0.42, CHCl3).
Synthesis of bis((2R)-2-hydroxylpropylthio)(ethylenedithio)TTF.
This followed the procedure for the S-enantiomer but starting from (R) were obtained and were found to be suitable for X-ray structure determination.
Preparation of complex of 16 withTCNQ-F4.
TCNQ-F4: A solution of TCNQ-F4 (7 mg) in acetonitrile (3 ml) was gently layered over a solution of diol 16 (12 mg) in chloroform (3 ml) and left to slowly evaporate giving black crystals of a 1:1 complex whose composition was determined by X-ray crystallography.
4,5-Bis(((4'R)-2',2'-dimethyl-1',3'-dioxolan-4'-yl)methylthio)-1,3-dithiole-2-thione

31.
A solution of disodium dithiolate 24 in dry methanol (10 ml), prepared in situ from 4,5- []D = + 28.5 (c = 0.28, THF).
Tetrakis(((4'R)-2',2'-dimethyl-1',3'-dioxolan-4'-yl)methylthio)TTF 33.
A suspension of compound 32 (348 mg, 8.5 mmol) in freshly distilled triethyl phosphite []D = + 77.5 (c = 0.40, THF).
Tetrakis((2'R)-2'-,3'-dihydroxypropyl-1'-thio)TTF 17, (Method D).
An aqueous solution of HCl (0.5 M, 7 ml) was added to a solution of tetra-ketal 33 (158 mg, 0.2 mmol) in methanol (10 ml) and tetrahydrofuran (3 ml) which was stirred under (c = 0.345, THF). 4R)-2,2-dimethyl-1,3-dioxolan-4-yl) 
vic-Bis(((
S-5-(1'-tert-Butyldiphenylsilyloxyprop-2'-yl)-1,3-dithiolo[4,5-c]pyrrolo-2-thione 39.
A mixture of (2S)-1-(tert-butyldiphenylsilyloxy)propyl-2-amine 37 29 were dissolved in a mixture of methanol (9 ml), THF (10 ml) and water (5 ml) and refluxed together for 2 h. The filtered mixture was evaporated and extracted between water and dichloromethane. The aqueous layer was carefully acidified with 1M
hydrochloric acid and the suspension produced stirred in an ice bath for 1 h and filtered to
give a product with 
X-ray Crystallography.
Crystal structures were measured using MoKα radiation at 120 K, solved with SHELXS-97 and refined with SHELXL-97 34 using the X-SEED interface. 35 
Conductivity measurements.
Two-probe DC transport measurements were made on several crystals of 16.Fe(III)2(oxalate)5 and 18.I3, respectively, using a HUSO HECS 994C multi-channel conductometer. Gold wires (15 μm diameter) were attached to the crystal, and the attached wires were connected to an eight-pin integrated circuit plug with gold conductive cement.
